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Introduction
The vertebrate neural retina is a laminated structure consisting of alternating cellular and synaptic layers. The cellular layers include the outer nuclear layer (ONL), which contains the nuclei of photoreceptors, the inner nuclear layer (INL), with the cell bodies of horizontal cells, bipolar cells, and amacrine cells, and the retinal ganglion cell layer (GCL), where cell bodies of retinal ganglion cells (RGCs) reside. Separating the cellular layers are the synaptic layers: the outer plexiform layer (OPL) where processes of photoreceptors synapse with the bipolar cells and horizontal cells, and the inner plexiform layer (IPL), where dendrites of the RGCs receive input from processes of bipolar and amacrine cells. The major class of glial cells in the vertebrate retina is the Müller cell whose cell bodies are located in the INL, and whose processes extend vertically through the entire thickness of the neural retina (Rodieck, 1973; Dowling, 1987) . Other types of glial cells found in the retina include astrocytes (Ogden, 1978) , which are typically located in the inner half of the retina, and microglia (Boycott & Hopkins, 1981) .
The zebrafish has become an important model system to study embryogenesis because of its many advantages, including ease of care and maintenance, external fertilization and ex vivo development, the routine production of large clutches of eggs from single females, the transparency of embryos, which facilitates microscopy, and the demonstrated utility of this species as a genetic model. During zebrafish retinal development (as in other vertebrates), ganglion cells are the first neurons to be generated, and they begin to differentiate at about 32-34 h postfertilization (hpf ) (Schmitt & Dowling, 1996; Laessing & Stuermer, 1996; Hu & Easter, 1999) . The differentiating RGCs immediately begin to extend their axons out of the retina into the optic nerve and toward their brain targets, and to grow dendritic processes, which establish the first retinal synaptic layer, the IPL (Burrill & Easter, 1995) . The axons of the earliest RGCs reach the optic chiasm around 35 hpf, and they arrive at the anterior optic tectum, the major target of the retinal axons, around 45 hpf (Stuermer, 1988; Burrill & Easter, 1994) . By 72 hpf, RGC axons have covered the entire lobe of the tectum (Stuermer, 1988; Burrill & Easter, 1994) .
Cadherins are cell surface, glycoproteins that mediate cell-cell adhesion through homophilic interactions (reviewed by Geiger & Ayalon, 1992; Takeichi, 1995; Gumbiner, 1996) . Cadherins form a large superfamily of genes that are divided into the classical cadherins (type I and type II) and more distantly related subfamilies, the protocadherins and desmosomal cadherins (Takeichi, 1995; Redies, 1997; Nollet et al., 2000) . Classical cadherins have a large extracellular domain that contains four homologous subdomains, which are involved in adhesive interactions, and one less closely related membrane-proximal extracellular domain (EC5 or MPED). The classical cadherins also have a single transmembrane domain, and a highly conserved cytoplasmic domain that mediates linkage to the actin cytoskeleton. Both the extracellular and cytoplasmic domains are important for effective cell adhesion (Nagafuchi Blaschuk et al., 1990; Kintner, 1992; Fujimori & Takeichi, 1993; Levine et al., 1994) . All cadherins are synthesized as precursor polypeptides containing an N-terminal signal sequence that is removed co-translationally and a presequence that is removed from the mature protein by proteolysis after delivery to the cell surface (Ozawa & Kemler, 1990) .
Cadherin-2 (Cdh2), previously called N-cadherin (Nollet et al., 2000) , is a member of the type I cadherin subfamily, first identified in mouse and chick nervous system (Hatta & Takeichi, 1986; Hatta et al., 1988) . The developmental expression pattern for Cdh2 has been studied in the visual system of a variety of vertebrate species including Xenopus (Simonneau et al., 1992; Riehl et al., 1996) , chicken (Matsunaga et al., 1988a,b; Miskevich et al., 1998; Wohrn et al., 1998 Wohrn et al., , 1999 , and mouse Faulkner-Jones et al., 1999; Honjo et al., 2000) . Functional studies have demonstrated that Cdh2 plays an important role in retinal histogenesis (Matsunaga et al., 1988a) , retinal ganglion cell (RGC) axon outgrowth (Neugebauer et al., 1988; Lilienbaum et al., 1995; Riehl et al., 1996) , RGC axonal pathfinding (Matsunaga et al., 1988b; Stone & Sakaguchi, 1996) , and RGC axonal synaptogenesis in the optic tectum (Inoue & Sanes, 1997) . However, information on the distribution and function of Cdh2 in the fish visual system is limited.
We previously reported the expression of cadherin-4 (cdh4, R-cadherin) mRNA in the developing and adult zebrafish visual structures (Liu et al., 1999a,b) . Here, we show that cdh2 mRNA and Cdh2 protein are expressed throughout the visual pathway of the developing zebrafish, in a temporally and spatially regulated pattern that is distinct from that of cdh4 mRNA and Cdh4 protein. Differential expression of Cdh2 and Cdh4 suggests that these cadherin family members participate in specific morphogenetic events during zebrafish visual system development.
Methods and materials

Animals
Zebrafish embryos were collected from our outbred colony and maintained according to standard procedures (Westerfield, 1995) . Ages of the embryos are given as hours postfertilization (hpf ) or days postfertilization. All procedures using animals conformed to NIH standards and were approved by the University of Michigan and the University of Akron Committees on Use and Care of Animals in Research.
Library screening and DNA sequencing
A 15-to 19-h zebrafish embryo cDNA expression library in lZAP (generously provided by Dr. Bruce Appel, Vanderbilt University) was screened with antiserum ECAD-B.5, a rabbit polyclonal antibody raised to a glutathione S-transferase (GST) fusion protein containing mouse E-cadherin cytoplasmic domain (Marrs et al., 1993) , using standard protocols. Detailed information on the screening and sequencing procedures were described previously (Liu et al., 1999a) .
Tissue preparation
Embryos were anesthetized in 0.02% methane tricaine sulfonate (Sigma, St. Louis, MO), and fixed for 1 h in phosphate-buffered, 4% paraformaldehyde (pH 7.4), rinsed in 0.1 M phosphatebuffered saline (PBS) (pH 7.4), and cryosectioned at 8-10 mm as described previously (Barthel & Raymond, 1990) .
In situ hybridization
A zebrafish cadherin-2 cDNA (Bitzur et al., 1994 , a generous gift from Dr. Benjamin Geiger at the Weizmann Institute of Science, Rehovot, Israel) was cloned into pBS KSϩ linearized with Hind III, and transcribed with T7 polymerases. Procedures used for generation of antisense digoxigenin-labeled RNA probes and in situ hybridization have been described in detail elsewhere (Barthel & Raymond, 1993; http:00www.umich.edu0 ; praymond).
Cadherin-2 antibody production
A 324-bp fragment coding for the N-terminal domain of the processed Cdh2 protein, and containing the complete sequence of the first cadherin-repeat domain (EC1) (Bitzur et al., 1994) , was generated by the polymerase chain reaction (PCR) using the zebrafish cadherin-2 plasmid (Bitzur et al., 1994) as a template. PCR primers were designed with restriction enzymes sites to allow the PCR fragment to be cloned into the BamHI0EcoR1 sites of the pGEX-2T bacterial expression vector (Pharmacia Biotech, Piscataway, NJ) for generation of a GST (glutathione-S-transferase) fusion protein. The sequences of the forward and reverse PCR primers were 59-GATGTGGATCCGACTGGGTCTTCCTCCT-and 59TACGCGAATTCGAACTCTGGCCGGTTGTC. The PCR product was confirmed by sequencing in both directions (DNA sequencing Core, University of Michigan). The pGEX-2T plasmid was then used to transform competent E. coli strains JM109 and BL21, and clones were selected that expressed high levels of GST-EC1 fusion proteins after induction with IPTG (isopropyl-b-D-thiogalactopyranoside), as determined by SDS-polyacrylamide gel electrophoresis (SDS-PAGE). Fusion protein was purified on a glutathione-Sepharose column; 130 to 200 mg was mixed with TiterMax (an adjuvant) and injected intramuscularly into rabbits. The rabbits were boosted at 5 months with 90 to 130 mg purified EC1 (cleaved from GST with thrombin; Pharmacia GST Fusion System). For affinity purification of the Cdh2 antibodies, the fusion protein was covalently linked to Affi-Gel 15 resin (BioRad, Hercules, CA) according to the manufacturer's instructions. The Cdh2 polyclonal antiserum was diluted with an equal volume of 5ϫ PBS (phosphate-buffered saline) and applied to a chromatography column packed with the resin. The flow-through was reapplied twice, and the column was rinsed with 10-20 column volumes of 5ϫ PBS to eliminate nonspecific binding. The Cdh2 antibodies were eluted with 10 column volumes of 0.1 M sodium citrate (pH 2.5), neutralized, and then concentrated with Centriprep concentrators (BioRad).
Immunoblotting and immunocytochemistry
Procedures for immunoblotting and immunocytochemistry have been described in detail previously (Barthel & Raymond, 1990; Liu et al., 1999a) . The production and characterization of the antipeptide Cdh4 antibody has also been described previously (Liu et al., 2001 ). Briefly, this is an affinity-purified, rabbit polyclonal 924 Q. Liu et al. antibody prepared against a synthetic peptide fragment (N-LSDP ANWLKINRTNG-C) corresponding to amino acids 563 to 578 (in EC4) of zebrafish Cdh4. For immunofluorescence microscopy, the tissue was incubated with the cadherin antibodies (6 mg0ml for both Cdh2 and Cdh4 antibodies) overnight at 48C, followed by an anti-rabbit secondary antibody conjugated with Cy3 (Sigma), for 2 h at room temperature. The slides were washed in PBS, mounted with 90% glycerol in PBS containing 1 mM CaCl 2 , and viewed using an epifluorescence microscope (Olympus, BX51). For immunoperoxidase staining, sections were incubated overnight at 48C in primary cadherin antibody (1.7 mg0ml), followed by incubation in biotinylated secondary antibody (Vector Laboratories, Burlingame, CA) for 1 h at room temperature. After washing in PBS, the sections were incubated for 1 h in avidin-biotin complex solution (Vector Laboratories). The sections were then washed in PBS and the reaction product was visualized with 0.01% hydrogen peroxide and 0.05% diaminobenzidine (DAB) as the chromogen. The sections were coverslipped using the same mounting medium as above.
Results
Isolation of cadherin-2 cDNA
A partial cDNA encoding zebrafish N-cadherin (Cdh2) was reported previously by Geiger and colleagues (Bitzur et al., 1994) . During a screen of cadherin cell adhesion molecule cDNAs from a zebrafish 15-19 hpf embryo cDNA library (gift of Dr. Bruce Liu et al., 2001) . Note the intense labeling in the lens (LE), which was greatly reduced by preincubating the antibody with excess Cdh4 peptide used to generate the antibody (E). (F) Immunofluorescent staining of 50 hpf zebrafish tissue with the Cdh4 antibody. The retinal ganglion cell (GCL), the inner half of the inner nuclear layer (INL) of the neural retina, and the pretectum (PT) are labeled with the Cdh4 antibody. (G) Preincubating the antibody with excess Cdh4 peptide greatly reduced labeling in both the eye and the prectectum, Nonspecific background staining that could not be blocked by preabsorption was seen in the surface integument (arrows in F and G) and blood vessels (arrowhead in G). GZ: germinal zone; IPL: inner plexiform layer; ON: optic nerve; ONL: outer nuclear layer; and OPL: outer plexiform layer. Scale bars ϭ 50 mm.
Appel), we identified several cDNA clones that encode zebrafish cdh2. One of these contained an additional 458 bp of 59 sequence (corresponding to 111 amino acid residues) and an additional 1773 bp of 39-untranslated sequence (AF430842). The imputed start codon was identified because (1) it was the first methionine codon following a 144-nucleotide 59-untranslated sequence; (2) it is preceded by an adequate Kozak sequence (ACGatgTAC) (Kozak, 1984) ; and (3) a canonical signal sequence follows this methionine codon. In addition, the presequence found in our clone is similar in length (about 150 amino acids) to presequences from other Cdh2 sequences (from mouse, rat, human, bovine, chick, and Xenopus) as determined by sequence comparisons in GenBank.
Specificity of the cadherin-2 and cadherin-4 antibodies
The affinity purified Cdh2 antibody bound to a single polypeptide of approximately 120 kD (relative migration) on immunoblots of zebrafish brain extract (Fig. 1A) . In contrast, the Cdh4 antibody detected a single polypeptide of faster relative migration (Ͻ110 kD, Liu et al., 2001) . Specificity of the Cdh2 antibody was demonstrated by preabsorption of the antibody with excess of the Cdh2-GST fusion protein, which completely blocked the immunoreactivity (Fig. 1A) . This treatment also greatly reduced or eliminated specific immunostaining on tissue sections (Figs. 1B and 1C) . The specificity of Cdh4 antibody has been demonstrated previously (Liu et al., 2001 ). Here we showed that preabsorption of the Cdh4 antibody with excess of synthetic peptide used to generate the antibody greatly reduced or eliminated specific immunostaining on tissue sections in most regions including the lens (Figs. 1D and  1E ) and the eye (Figs. 1F and 1G) . However, the antipeptide antibody exhibited high levels of nonspecific binding to integument (arrows) and vascular tissue (arrowhead; Figs. 1F and 1G) that was not blocked by preabsorption.
Cadherin-2 expression in the developing zebrafish retina
Cdh2 immunoreactivity was detected in the optic primordium of early stage embryos (20-24 hpf ). The presumptive neural retina at this stage is an undifferentiated neuroepithelium. Cdh2 immunoreactivity was found in all retinal precursor cells ( Fig. 2A) , whereas Cdh4 immunoreactivity was not observed at this early stage (Fig. 2B) . There was little change in the expression pattern of Cdh2 in the neural retina between 24 to 36 hpf, except that expression levels were higher in the less differentiated marginal regions at 36 hpf, relative to the central regions where neuronal differentiation was occurring (Fig. 2C) . Cdh4 immunoreactivity was first detectable in 36 hpf embryonic neural retina (Fig. 2D) . In contrast to the wide spread expression of Cdh2, Cdh4-positive cells and neuronal processes were initially seen only in a small patch in the ventronasal portion of the retina, coincident with the time and location of the earliest differentiating RGCs (Hu & Easter, 1999) .
By 50 hpf, the neural retina had developed into a laminated structure consisting of cellular and fibrous layers. Cdh2 immunoreactivity was stronger in the plexiform layers (IPL and OPL) than in the cellular layers (Fig. 2E) . Within each cellular and plexiform layer, the staining was uniform between the inner and outer halves of each respective layer, and between the dorsal and ventral halves of the retina. However, the unlaminated margins of the retina (the germinal zone, which contains proliferating cells) continued to be more strongly immunoreactive for Cdh2 than the more central laminated region (Fig. 2E) . In contrast, Cdh4 immunoreactivity was absent from the germinal zone, whereas the retinal ganglion cell layer and the innermost portion of the inner nuclear layer, and especially the optic nerve, were immunoreactive (Fig. 2F) . Cdh2 immunoreactivity was found in all retinal layers of 4-to 8-day-old larvae ( Fig. 2G ), but the staining intensity was reduced compared to earlier stages.
In contrast to the reduction in Cdh2 immunoreactivity with developmental age, Cdh4 immunoreactivity increased in the retina of 3-to 4-day-old larvae (Fig. 2H) . The far peripheral retinal areas containing the most recently differentiated neurons, generated by proliferating precursors in the germinal zone, were more immunoreactive than the central areas in all layers. The proliferating retinal precursors in the germinal zone still lacked Cdh4 immunoreactivity (Fig. 2H) .
In situ hybridization with RNA probes indicated that cdh2 message was maintained in the retinal GCL and the inner portion of the INL in adult zebrafish, but at a lower expression level than in embryos and larvae (data not shown). In the adult retina, faint Cdh2 immunoreactivity was seen in the OPL and stronger labeling was present in the proliferating germinal zone (Figs. 3A and 3B) . Only very few Cdh4 immunoreactive cells and fibers were detected in the inner half of the adult retina, mainly RGCs (Fig. 3D ).
Cadherin expression in the optic pathway
Strong immunoreactivity for Cdh2 and Cdh4 was detected in outgrowing axons of RGCs in the optic nerve head (Figs. 2F, 2G , and 4A), in the optic nerve and along the optic pathway, and in the optic chiasm and in the optic tectum of developing zebrafish (Figs. 4A-4F ). Staining intensities for Cdh2 and Cdh4 antibodies were similar in the optic nerve at younger stages (50 hpf ), but Cdh4 labeling became stronger than Cdh2 in the optic nerve at later stages (4-day, Figs. 4C and 4D ). Unlike the well-laminated adult optic tectum, the optic tectum of early zebrafish embryos (up to 48 hpf ) is a relatively uniform, densely packed, layer of undifferentiated proliferating neuroepithelial cells. During this early period (36-48 hpf ), cells in the optic tectum expressed cdh2 message throughout the tectum, but the expression levels of Cdh2 protein were low to moderate (data not shown). In contrast, cdh4 message was not seen until 40 hpf and then only in the anterior portion of the tectum (Liu et al., 1999a) , and Cdh4 immunoreactivity was first detected several hours later. The optic tectum of 4-day-old zebrafish larvae had developed into a twolayered structure, a superficial fibrous layer, and a deeper cellular layer where most of the cell bodies reside. Expression patterns of Cdh2 and Cdh4 were similar in the superficial layer of optic tectum, which contained high levels of both Cdh2 and Cdh4 immunoreactivity (Figs. 4E and 4F ). However, these two cadherins differed in their staining pattern in the deep cellular layer where there was little Cdh2 immunoreactivity, but strong labeling with the Cdh4 antibody.
In the adult zebrafish, Cdh2 immunoreactivity was not detected in the optic tectum (Figs. 5A and 5C); whereas Cdh4-positive fibers and cells were scattered at low density in the superficial layers of the optic tectum (Fig. 5B) . No Cdh4 immunoreactivity was observed in the deep cellular layers of the adult optic tectum (Fig. 5D ).
Cadherin expression in the lens
All cells in the lens primordium at 20-24 hpf were immunoreactive with Cdh2 antibodies (Fig. 6A) , although Cdh4 immuno-
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Q. Liu et al. reactivity in the lens was not detectable at this stage (Fig. 6B) . By 36-40 hpf, two populations of cells could be easily distinguished in the developing lens: the superficial epithelial cells remained cuboidal in shape, and the central cells became flattened and elongated, forming concentric ring-like lens fibers. Cdh2 immunoreactivity was uniformly distributed in both the superficial epithelial layer and the lens fibers (Figs. 6C and 6E ). Cdh4 immunoreactivity was strong and uniform in the lens fiber cells, but was barely detectable in the superficial epithelial cells (Figs. 6D and 6F ). In 50 hpf embryonic lens, the superficial lens cells in the anterior half remained cuboidal in shape, whereas the superficial lens cells in the posterior half became elongated. Cdh2 antibody labeled all the epithelial lens cells, but Cdh2 immunoreactivity in the lens fibers was substantially reduced (Fig. 6G ). Cdh4 immunoreactivity was also greatly reduced in central regions at this stage, but was maintained only in the peripheral region of the lens fiber layers immediately beneath the superficial layer (Fig. 6H ). There was little or no Cdh4 immunoreactivity in either the anterior or the posterior epithelial layer, similar to 36-40 hpf (Fig. 6D ). Staining patterns of Cdh2 (Fig. 2G ) and Cdh4 in zebrafish larval lens (4-8 day) were similar to those at 50 hpf. 
Discussion
Cadherin-2 is expressed by developing retina Bitzur et al. (1994) examined cdh2 expression in early developing zebrafish embryos (from the 1000-cell stage to 36 hpf ). They noted that cdh2 mRNA was detected in the developing eyes (optic cups, lens, and retina), but a detailed analysis of Cdh2 developmental expression pattern in the visual system of developing zebrafish was not provided. In this study, we examined the temporal and spatial patterns of Cdh2 distribution in the visual system of developing zebrafish. Our results showed that Cdh2 expression in the retina was developmentally regulated. The expression of Cdh2 in zebrafish retina was widespread during early embryogenesis and became progressively restricted as development proceeded, similar to cdh2 expression in the developing chicken retina (Matsunaga et al., 1988a) . The expression pattern in zebrafish suggests that Cdh2 may play a role in the histogenesis of the retina and0or in the maintenance of retinal structure in the undifferentiated retina, as has been shown with function-blocking antibodies in the chick (Matsunaga et al., 1988a) .
Cadherin-2 and cadherin-4 are expressed by retinal ganglion cells, their axons, and target cells in the optic tectum
Cdh2 was found on the membranes of the retinal ganglion cell somata and axons in both Xenopus (Riehl et al., 1996) and chick (Matsunaga et al., 1988b; Redies et al., 1992 during periods when the growing axons project to their brain targets. Similarly, we found zebrafish Cdh2 on retinal ganglion cells and their axons when these processes emerged from the differentiating neurons (32-36 hpf ), grew along the optic pathway toward the optic tectum (34-80 hpf ), and formed retinotectal synapses (continuing into larval stages). This study also confirms and extends our earlier work on regionalized expression of cdh4 message in developing zebrafish visual system (Liu et al., 1999a) . Here we used a peptide antibody specific for Cdh4 that we developed recently (Liu et al., 2001 ) to show that Cdh4 immunoreactivity was much stronger in the peripheral regions of the retina, adjacent to the germinal zone than in the central areas. The increased immunoreactivity of Cdh4 in newly differentiated retinal cells and their fibers, and in the optic The fluorescent signal in the photoreceptor layer (PR), containing the inner and outer segments of rods and cones, is endogenous fluorescence, which was observed in some, but not all sections. cdh2 message was not detected in the somata of the photoreceptors (data not shown), and the fluorescent signal persisted in sections incubated with only the Cy3 secondary antibody (C). In (D), the horizontal arrow points to a Cdh4-immunoreactive cell in the GCL. The fluorescent signal in the OPL is a nonspecific contaminant of the Cdh4 peptide antibody, as it could not be removed by preabsorption with excess of Cdh4 peptide (F). Abbreviations are the same as in Fig. 1 . Scale bar ϭ 25 mm.
928
Q. Liu et al. pathway, suggests that Cdh4 is expressed on the growing axons and dendrites of the newly differentiated RGCs during periods of outgrowth and synaptogenesis, both within the retina, and between the RGCs and their target tectal cells. These observations suggest that Cdh4 is likely involved in regulating outgrowth and0or synaptogenesis of RGCs in zebrafish, as has been suggested for Cdh2 in other vertebrates. Downregulation of Cdh4 in the more centrally located, mature retinal cells suggests that Cdh4 may not be involved in the maintenance of synapses. This inference is supported by our observation that levels of Cdh4 immunoreactivity in the retina of older larvae (6-day to 14-day) and adult retinae was further decreased and became restricted to much smaller areas adjacent to the continuously proliferative germinal zone.
Combined expression of cadherin-2 and cadherin-4 by the visual structures
Cadherins may provide a system of adhesive cues that specify developing retinal circuits Miskevich et al., 1998; Wohrn et al., 1998 Wohrn et al., , 1999 Faulkner-Jones et al., 1999; Honjo et al., 2000) . In the zebrafish retina at later embryonic and early larval stages (48 hpf to 4-day-old larvae), both Cdh2 and Cdh4 were expressed in the GCL and the inner portion of the INL. In contrast, Cdh4 has not been found in RGCs or their axons in chick Miskevich et al., 1998; Wohrn et al., 1998 Wohrn et al., , 1999 . The role of Cdh2 in promoting ganglion cell axonal outgrowth has been demonstrated in both in vivo and in vitro systems in Xenopus and chick (Neugebauer et al., 1988; Bixby & Zhang, 1990; Lilienbaum et al., 1995; Riehl et al., 1996; Stone & Sakaguchi, 1996; Inoue & Sanes, 1997) . Because of its more widespread expression during the initial period of retinotectal pathfinding in zebrafish, we infer that Cdh2 may provide more general pathfinding cues, or perhaps a permissive substrate that promotes axonal outgrowth. In contrast, Cdh4 expression does not begin until the earliest RGCs axons grow out of the retina (30-36 hpf ), and it is expressed in a specific pattern along the optic pathway, suggesting that it may have a more specific role in guidance of outgrowing retinal axons (Liu et al., 1999a,b and this study) . Similar to findings of cadherin expression in chick optic tectum (Miskevich et al., 1998; Wohrn et al., 1999) , we found that Cdh2 was widely expressed in the zebrafish optic tectum at early stages, and it became more restricted as development proceeded. In the chick optic tectum, Cdh2 and Cdh4 exhibit distinct laminar patterns, reflecting their differential origins and suggesting their different roles in the tectal development Miskevich et al., 1998; Wohrn et al., 1999) . In developing zebrafish, both Cdh2 and Cdh4 were present at high levels throughout the superficial tectal layers, although the somata of the tectal neurons, which are mainly located in the deeper cellular layers, predominantly expressed Cdh4 rather than Cdh2. Since the RGC axons and their terminals are located in the superficial layers (Stuermer, 1988; Burrill & Easter, 1994) , the Cdh2 immunoreactivity in those layers may primarily originate from those incoming fibers. Further analysis at the cellular level is required to understand the relative contribution of different cadherins on the presynaptic and postsynaptic processes in the zebrafish optic tectum.
In summary, the expression patterns in the retina and optic tectum are distinct in embryonic and larval zebrafish, and the levels of expression of both cadherins are greatly reduced in adult zebrafish compared to developing tissues, suggesting that these two cadherins function mainly during development of the zebrafish visual system.
Cadherin-2 and cadherin-4 are differentially expressed by developing lens
The teleost lens develops similar to that in mammals, except that the fish lens placode remains as a solid ball of epithelial cells, instead of forming a hollow vesicle by invagination. The lens primordium detaches from the surface ectoderm, and as the lens develops, the epithelial cells in the center differentiate into lens fibers, and the superficial epithelial cells are mitotically active, serving as a source of new lens fiber cells (Papaconstantinou, 1967; Piatigorsky, 1981) .
We found that Cdh2 was uniformly expressed in the lens anlagen, before the formation of differentiated central lens fibers. Later in development, Cdh2 was expressed both in superficial epithelial cells and newly differentiated lens fiber cells, and then became gradually restricted to the superficial epithelial cells. Cdh2 is also present in both the epithelial and lens fiber cells in other vertebrate species (Atreya et al., 1989; Maisel & Atreya, 1990; Bassnett et al., 1999; Leong et al., 2000; Lo et al., 2000) . Perturbing Cdh2 function with Cdh2 antibodies interrupts gap junction formation between cultured chick embryonic lens cells (Frenzel & Johnson, 1996) and blocks lens fiber differentiation (FerreiraCornwell et al., 2000) .
To our knowledge, this is the first report of Cdh4 expression in the vertebrate lens. In contrast to Cdh2 expression, Cdh4 was not detected in undifferentiated lens epithelial cells, but was only transiently expressed by central lens fiber cells and in the newly differentiated lens fiber cells. Cdh4 may help regulate the transition of the newly differentiated lens fibers into more mature lens fibers. Sequential expression of various subtypes of cadherins by the developing lens was previously demonstrated in chick, where both lens epithelial and fiber cells expressed Cdh2, but B-cadherin (cadherin-3) was expressed by the fiber cells (Leong et al., 2000) . This pattern of differential expression of cadherins suggests that the development of the vertebrate lens requires combined activities of various members of the cadherin family. 
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